INTRODUCTION
Membrane proteins targeted to the ER generally display a uniform and consistent topology, in which the orientation of membrane spans is determined by the interaction between nascent polypeptides and the translocon (Wickner and Lodish, 1985; Johnson and van Waes, 1999) . A set of general rules has been established which are useful for prediction of unknown topologies. These rules also further our understanding of the underlying mechanisms of membrane insertion. In the simplest case, individual membrane spans can be orientated by sequential insertion, resulting in adoption of the opposite orientation to the previous span (Hegde and Lingappa, 1997) . The presence of charged residues in flanking regions is a critical influence on the orientation of individual membrane spans; positively charged residues show a strong preference for retention in the cytosol, while negatively charged residues have a weak affinity for translocation to the ER lumen (Hartmann et al., 1989; von Heijne, 1989; Geffen and Spiess, 1993; Harley et al., 1998) . Variants of a yeast protein, Ste2p, a G protein-coupled pheromone receptor, strictly followed the 'positive inside' rule for the first transmembrane span (Harley and Tipper, 1996) . The N terminus is translocated only if the charge difference is reversed by removal of all the Nterminal positive charges or addition of C-terminal negative charges. ER membrane does not support a transmembrane potential, suggesting that this preference may be due to charged residues interacting with phospholipids (van Klompenburg et al., 1997) . In the case of signal-anchors, translocation of the Nterminus can be blocked by the adoption of a fully folded conformation (Denzer et al., 1995) . Prediction of topology can also be aided by analysing the membrane span itself. Transmembrane spans up to 25 leucine residues increasingly favoured a topology with the N-terminus in the lumen as the polyleucine chain was lengthened (Wahlberg and Spiess, 1997) . The interaction between multiple topology 6 determinants is difficult to predict (e.g. Nilsson et al., 2000) , and can result in a situation which omits otherwise natural membrane spans from the membrane (Gafvelin et al., 1997) .
Further insights into topology determination can be gained by studying unusual topologies.
Oleosin proteins in plants adopt a unique membrane conformation in which a large membrane-integrated hydrophobic (H) domain is flanked by hydrophilic domains facing the cytosol (Abell et al., 1997;  depicted in Fig. 1A) . The H domain is unique in the size of its uninterrupted hydrophobicity (72 residues; Fig. 1B ) and is predicted to reside completely within the phospholipid bilayer. Oleosins eventually accumulate on oil bodies within the cytosol of plant seed cells (Huang, 1996; Napier et al., 1996) , and are anchored to oil bodies by their H domain (Murphy et al., 1991) . It is likely that membrane topology and the hydrophobicity of the H domain favours transition into a region of oil in the ER membrane, from which oil body formation can occur (Wanner et al., 1981; Lacey and Hills, 1996; Lacey et al., 1999) . Oleosins are also used as carriers for recombinant protein production in seeds (Parmenter et al., 1995; . Thus, the topology of this protein has a significant impact on the potential uses of oleosin-based production systems.
The H domain was originally predicted to be an antiparallel β-strand with a turn mediated by
MATERIALS AND METHODS

DNA constructs
All constructs were assembled in pBluescript KS+ (Stratagene), with the exception of SRα, which was present in plasmid pSPSR19N, a generous gift from Dr. David Andrews (McMaster University, Hamilton, Canada) . WTOLEO is the native coding region of an Arabidopsis oleosin cDNA, cloned into pBluescript KS+ (Abell et al., 1997) , and was used as the basis for all other oleosin derivatives. All constructs produced by PCR or mutagenesis were verified by DNA sequencing. HOLEO was generated by PCR using primers OSS3a (5'-ATCATCACTAGTATGAAGTCTAGGCAGATTGCTAA-3'; SpeI site underlined) and CTA1 (5'-CCCCCTGCAGTTAGTAAATCCAAGAGAAAACGG-3'; PstI site underlined). NPCOLEO was provided by Dr. Steve Szarka (University of Calgary), amplified by PCR to encode oleosin residues 1-45, 73-88, I, 117-173 (see Fig. 1 SpeI site underlined), respectively, by the Kunkel method of site directed mutagenesis (Kunkel et al., 1987) . β-glucuronidase was used in pGNOS was constructed by addition of a PCR fragment f rom bbe1 (berberine bridge enzyme) template (Facchini et al., 1996) using primers BSP5' (5'-CCCCCCGGATCCTTGACGTACTTCTCCAACAA-3'; BamHI site underlined) and BSP3' (5'-CCCCCCGGATCCCATTACAATAAACGACGGTT-3'; BamHI site underlined). The BamHIBamHI fragment was cloned into the BamHI site immediately 5' to the initiation codon of WTOLEO.
The B82 fragment was present at the same position in all the other constructs containing the berberine bridge enzyme signal peptide. WTOLEO:C -is truncated after the H domain, and PVOLEO is mutated to substitute all three prolines in the proline knot motif with leucines (Abell et al., 1997) . T1OLEO was generated by PCR using primers TOP1a (5'-TTCGCTCGAGTTCGTCGTAAATCCAAGAGAAAACGG-3'; XhoI site underlined) and TOP1b
(5'-TTTCCTCGAGGGAGAGGAACCACAGGGATCAGACAAGTT-3'; XhoI site underlined).
T2OLEO was created by deletion of H(C) from T1OLEO by inverse PCR with primers TOP2a (5'-ACTTGCTAGCCGGGACAAGGATTGGGC-3'; NheI site underlined) and TOP2b (5'-CCTTCATATGACGAACTCGAGGGAGAGGA-3'; NdeI site underlined), then addition of a PCR fragment containing H(N), using primers TOP2c (5'-GAATGCTAGCGCTGCAACTGCTGTCACAGC-3'; NheI site underlined) and TOP2d (5'-CCGGCATATGTTGCAACAGTCAAAGCT-3'; NdeI site underlined). T3OLEO was generated from T1OLEO template lacking the SpeI site (cut with SpeI, endfilled with Klenow fragment of DNA polymerase, and then religated) to facilitate subsequent cloning steps. The H(N) fragment was deleted by inverse PCR using primers TOP3a (5'-GGACTGATCAGAGCTTTAGCAATCTGCCTAGACT-3'; BclI site underlined) and TOP3b (5'-CTCTACTAGTTATCTTCAGCCCAATCCT-3'; SpeI site underlined), then replaced with H(C) fragment by PCR using primers TOP3c (5'-GGGATGATCACAGTTGCACTCCTCAT-3'; BclI site underlined) and TOP3d (5'-CTCTACTAGTAGAGGGTAAATCCAAGAGAAAACGG-3'; SpeI site underlined). T4OLEO is a version of T3OLEO lacking the T1 mutation; the SpeI-ScaI fragment from the proline knot motif to near the 3' end of the coding region was swapped with a corresponding PCR fragment generated from WTOLEO using primers TOP3b and one 3' to the ScaI site. Table I describes each construct and its use in these experiments.
In vitro transcription and translation
Constructs were linearized after the termination codon, then transcribed using T7, T3, or SP6 RNA polymerase and the Stratagene RNA mCAP kit, according to manufacturer's instructions. Translation was performed using rabbit reticulocyte lysate (Promega), labelling with 3 H-leucine, in the presence of canine pancreatic microsomes (Promega) as described previously by Abell et al. (1997) . Microsomes were recovered by dilution of the translation mix to 100 µl with 10% sucrose, and spun at 213 000 g in an ultracentrifuge (TL100, Beckman, Mississauga, Ontario, Canada) in a TLA100.2 rotor for 20 min at 4 o C. Proteinase K treatments were performed by addition of enzyme (50 µg ml -1 ) directly to translation reactions on ice for 30 min. For TX100 controls, TX100 was added to 1% (w/v) prior to proteinase K addition. Proteinase K was inactivated by addition of PMSF to a concentration of 5mM.
Sodium carbonate extraction of microsomes
Pelleted microsomes were resuspended in 20 µl 100 mM Na 2 CO 3 , and held on ice for 15 min.
Membrane-associated polypeptides were separated by repelleting as before but with no additional buffer.
Electrophoresis and fluorography
3 H-labelled polypeptides were solubilized in loading buffer and boiled for 3 min, then separated by SDS-PAGE on a 16% acrylamide gel, according to Schagger and von Jagow (1987) . Gels were fixed and visualized by fluorography using Amplify (Amersham), according to manufacturer's instructions.
Molecular weights were determined by comparison to prestained markers (Bio-Rad), which in turn were calibrated from a plot generated by Sigma (St. Louis, MO) 2.5-17 kDa and Pharmacia 14-94 kDa markers.
Post-translational translocation assays
In stage 1, translation was performed for 45 min, substituting microsomes, RNA, or both with an equivalent volume of water. The total volume of 17.5 µl allowed for further additions to complete a 20 µl reaction. The translation reaction was then incubated with 1.25 mM cycloheximide or puromycin on ice for 15 min. The post-translation in stage 2 was incubated for 75 min, with the addition of microsomes, RNA, or both, to yield a final volume of 20 µl.
SRP receptor assay
The SRP receptor was disrupted by incubating microsomes with 5 µg ml -1 trypsin on ice for 60 min.
The protease was inactivated by addition of 100 µg ml -1 soybean trypsin inhibitor, and incubated on ice for a further 15 min. The microsomes were added to a translation reaction, with either SRα RNA, or water for the control. A full complement of amino acids was used instead of the normal radiolabelling mixture. The microsomes were recovered by pelleting, then resuspended in buffer (25 mM TEA-OAc pH7.5, 1 mM DTT, 0.25 M sucrose). The resultant microsomes were used at the standard concentration for subsequent test translations.
Protease permeation of microsomes
Microsomes were recovered after translation by pelleting. Each 10 µl translation was resuspended in 100 µl buffer; pH7.5 (85 mM K-Bicine pH11.0, 150 mM PIPES-Cl pH6.5), pH11 (100 mM KBicine pH11.0), or pH11.4 (100 mM Na 2 CO 3 ). After a 30 min incubation on ice, samples to be protease treated were supplemented with 50 µg ml -1 proteinase K, incubated on ice for a further 5 min, and then neutralized to pH7.5 with 18 µl 1 M PIPES-Cl pH6.5. All samples were immediately pelleted, and resuspended in loading buffer supplemented with 10 mM PMSF.
RESULTS
ER targeting pathway of oleosin
Evidence to date suggests that oleosins are integrated into ER membranes cotranslationally, following a SRP-and Sec61-dependent pathway (Qu et al., 1986; Hills et al., 1993; Thoyts et al., 1995 , Beaudoin et al., 2000 . To place oleosin topology in context, we needed to define the targeting pathway of oleosin into our experimental system of canine pancreatic membrane. Since we needed to differentiate between co-and post-translational membrane integration, we experimentally separated the translation and membrane-insertion steps. Hence, microsomes were added after halting translation with either cycloheximide (inhibits chain extension) or puromycin (releases nascent polypeptide chains from the ribosomes). The ability of the translation machinery to withstand the preincubation was verified by providing a control sample with oleosin message at the post-incubation stage. Proteinase K treatment ensured detection of true membrane-integrated fragments. Figure 2A shows that oleosin was unable to associate significantly with microsomes post-translationally when either cycloheximide ( Fig We next investigated whether oleosin uses a classical SRP-mediated targeting pathway by a sensitive assay that uses the ablation and reconstitution of the SRP receptor. SRP receptor α subunit (SRα) associates with ER-integrated SRβ to form the SRP receptor, and is exposed on the outer membrane surface (Andrews et al., 1989) . This renders SRα susceptible to a mild trypsin treatment, which does not significantly affect any other translocon components, but results in the loss of SRP-dependent targeting. Crucially, the SRP receptor can be reconstituted by the re-addition of small quantities of SRα translated in vitro, due to its own SRP-independent route of ER targeting. This method of reconstitution can result in the recovery of up to 78% of translocation activity. Βeta-lactamase was used as a convenient positive control for SRα dependency due to its cleavable signal sequence. Protease-protected fragments were analysed as a reliable measure of membrane integration. binds. These results demonstrate that oleosin can be targeted to the ER membrane by the SRPdependent pathway, and by implication suggests that it uses the Sec61 translocon for its integration.
Identification of signal sequences in oleosin
The most important feature of an ER signal sequence is the hydrophobic core, h (Martoglio and Dobberstein, 1998) . This comprises typically between 5 and 15 residues in a cleavable signal sequence and approximately 20 residues in a signal-anchor. It is possible to identify several putative h regions within the H domain of oleosin due to its overall hydrophobicity. Many signal sequences are preceded by positively charged residues (n region). Therefore, the region of oleosin chosen for investigation was the H domain and the preceding charged region in the N domain.
First, the ability of the oleosin H domain to integrate independently was investigated. A segment beginning with the charged region preceding the H domain and ending before the C domain (denoted HOLEO) was isolated and translated in vitro. We found that HOLEO is associated with microsomes (Fig. 3A , lane 1) and is protected from proteinase K (Fig. 3A, lane 3) , indicating efficient membrane integration. The small size reduction of the polypeptide is probably due to access of the protease to the residual short portion of N domain. Clearly, the H domain is sufficient for membrane insertion, but it was still possible that the N or C domains could also contain ER targeting information. Therefore, a construct lacking the hydrophobic region was generated. This construct NPCOLEO, consists of the central proline knot motif flanked by N and C domains.
Upon translation in vitro, NPCOLEO was mostly associated with microsomes (Fig. 3A, lane 2 ), yet treatment with proteinase K results in almost complete loss of detectable fragments (Fig. 3A, lane 4) .
The smaller product observed before protease treatment is likely to be the product of downstream initiation, as demonstrated previously for native oleosin (Abell et al., 1997) . This protease sensitivity demonstrates that although NPCOLEO binds to microsomal membranes, probably due to its charged and amphipathic nature, it is not integrated into the membrane.
To refine the identification of oleosin ER targeting signal(s), individual portions of the H domain were i solated and analysed for their targeting ability. OSS3 includes the N-terminal portion of the H domain (H(N)) and the preceding charged region in the N domain; OSS4 includes the C-terminal portion of the H domain (H(C)) and the preceding proline knot motif. Both segments were fused to β-glucuronidase (GUS) as a non-ER-targeted reporter for use in vitro (Jefferson, 1987 ). Membrane integration was tested by pelleting and by further carbonate extraction. Figure 4A shows that OSS3G and OSS4G are both capable of significant microsomal association, compared to the non-targeted GUS (ntGUS) which does not associate with the membrane fraction (compare supernatant and pellet fractions). Similar experiments with β-lactamase and preprolactin show that the proportion of polypeptide targeted to membranes is comparable (data not shown), confirming a high efficiency of signal sequence activity for OSS3 and OSS4. Furthermore, carbonate extraction of the membrane pellets does not significantly affect membrane association of OSS3G and OSS4G, in contrast to a complete loss of ntGUS (lanes 11-13).
The targeting activity of OSS3 and OSS4 provides evidence for the presence of at least two independent signal sequences present within the H domain. To pinpoint signal sequence information, OSS3G was modified by; (1) Substitution of charged residues to create OSS6G and (2) Polarisation of the N-terminal hydrophobic region to create OSS7G (S1 and S2 mutations respectively; see Fig. 1B ).
When OSS6G and OSS7G are translated in vitro, they are capable of integrating into microsomes at similar efficiency to OSS3G (Fig. 4A , supernatant and pellet fractions), even after carbonate extraction (lanes 14 and 15). This implies that the charged residues and first hydrophobic core are not important for the ability of OSS3 to act as a signal sequence. It is likely that C-terminal portions of OSS3 present hydrophobic sequences that can act as signal sequences.
Identification of oleosin topology determinants
The topology of oleosin in the ER membrane is consistent with its subsequent incorporation into oil bodies. In particular, the hydrophilic N and C domains remain in the cytosol throughout their targeting pathway, avoiding movement across a hydrophobic membrane. We were interested in how this topology is determined, and therefore investigated the regions of oleosin that are responsible for its specific topology. It seemed likely that the H domain would exert significant control over the transmembrane orientation of the oleosin protein.
The isolated portions of the H domain fused to GUS in OSS3G and OSS4G provided a useful starting point to investigate the topology information present within the H domain. In vitro translated and microsome-integrated OSS3G and OSS4G were treated with proteinase K to determine the location of GUS for each construct. As shown in Fig. 4A , OSS3G was fully protected (Fig. 4A, lane 17), demonstrating that the C-terminal GUS must be located in the microsomal lumen. OSS4G is sensitive to proteinase K (Fig. 4A, lane 18) , being reduced to a protected fragment of 6 kDa, together with a second fragment of 18 kDa. A small portion of OSS4G remains fully protected. The 6 kDa fragment demonstrates a dominant topology with insertion of OSS4 into the membrane and exposure of GUS on the outer membrane surface. The fully protected fragment represents a fraction of OSS4G occupying a topology like OSS3G. The 18 kDa fragment is sufficiently large that it must contain some GUS peptide and is therefore unlikely to be significant in the analysis of oleosin topology. The addition of TX100 and proteinase K causes complete loss of full-length OSS3G and OSS4G (data not shown).
Overall, these results show an adoption of topology which is consistent with the natural status of the H domain i.e. H(N) is N out and H(C) is C out . The ability to maintain the GUS extension on either microsomal surface confirms that GUS does not significantly influence the topology itself.
Charged residues often play an important role in determining topology of transmembrane spans (Hartmann et al., 1989) . Therefore, the same proteinase K analysis was applied to OSS6G to assess the importance of the positive charges preceding H(N). OSS6G exhibits the same N out topology as OSS3G (Fig. 4A, lane 19) . Similarly, the substitution of hydrophobic residues in OSS7G has no effect on topology (Fig. 4A, lane 20) . This implies an intrinsic ability of H(N) to orientate itself across the ER membrane.
It was also possible that positively charged residues following the H domain were playing a role in the topology of the full length protein. This was investigated by substituting positively charged with negatively charged residues (T1OLEO), expected to favour a lumenal location (Geffen and Spiess, 1993) . Figure 5A shows that T1OLEO integrates efficiently into microsomes and produces a 6 kDa protected fragment consistent with full exposure of both N and C domains on the outer microsomal surface (Fig. 5A, lane 1) . This protected fragment is smaller than that observed for WTOLEO (8.6
kDa; Abell et al., 1997) , suggesting that the T1 mutation causes a decrease in membrane protection.
This would be consistent with the charge disruption in the portion of the C domain that is normally protected from proteinase K (Abell et al., 1997) . However, it is unlikely that the charge status of residues immediately flanking the H domain play any role in topology determination.
If oleosin topology is not directed by flanking charges, it may be governed by a sequential alternation of hydrophobic segments i.e. H(N) goes into an N out orientation , which in turn forces H(C)
into C out orientation . Alternatively, the orientation of individual hydrophobic segments may be strictly independent of each other. In order to test these two possible models, the N domain was manipulated to localize it into the microsomal lumen. This domain translocation was achieved by addition of an Nterminal signal sequence from the berberine bridge enzyme (BBE) from opium poppy (Facchini et al., 1996) . The 82 aminoacid residue portion used (B82; Fig. 1C ) has a signal sequence of 23 residues at its N-terminus and was used to ensure translocation of the N domain. This large fragment facilitated topology analysis by virtue of both its length and an N-linked glycosylation site at residue 42. B82, signal sequence, was capable of directing microsomal translocation of oleosin with concomitant glycosylation and signal sequence cleavage, demonstrated by endoH treatment of integrated and nonintegrated constructs (data not shown).
Polypeptide B82WTOLEO was integrated into microsomes, as expected (Fig. 5A , lane 2).
Upon treatment with proteinase K, the full length band is reduced by 5kDa, indicating probable exposure of the C domain. The smaller fragment of 8.3 kDa is presumably the result of microsomes leaky to protease or a small proportion of polypeptide in an alternative membrane topology, and is therefore likely to be composed primarily of the H domain. This phenomenon is observed for most of the constructs displaying lumenal domains (labelled MWc or MWd). By constructing a truncated version lacking the C domain (B82WTOLEO:C -), it was possible to confirm that B82, N, and H domains are all located in the microsomal membrane and lumen such that the full-length fragment is not shortened by proteinase K (Fig. 5A, lane 3) . Therefore, the C domain must be exposed outside the microsome in B82WTOLEO. If the N domain is located in the microsomal lumen, it follows that H(N)
has been reversed to exist in the N lumen orientation. Even so, it appears that H(C) has maintained its normal C out orientation to support the C domain outside the microsome. These results imply an independent determination of topology by H(C), irrespective of preceding sequence and its orientation in the membrane. The independence of H(C) contrasts with the flexibility of H(N) in B82WTOLEO.
If H(N) possesses the topological flexibility demonstrated in B82WTOLEO, it follows that it should be capable of adopting an externally governed topology when substituted into the position occupied normally by H(C). This prediction was examined by the substitution of H(N) into the H(C)
position of T1OLEO to create T2OLEO i.e. negative charges following the rearranged H domain should favour a lumenal orientation for the C domain. A variant with B82 was also constructed to assess the importance of external topology determinants on the introduced H(N) segment. Surprisingly, T2OLEO and B82T2OLEO (Fig. 5A , lanes 6 and 7) yielded similar protected fragments and therefore assumed the same topologies as their native counterparts WTOLEO (8.6 kDa; Abell et al., 1997) and B82WTOLEO (Fig. 5, lane 2) , respectively. Translation and membrane integration was also of comparable efficiency. These data imply a fixed topology for the C-terminal portion of the H domain, unresponsive to substantial alterations to the sequence, and surrounding segments and motifs.
The proline knot motif was tested for its ability to affect topology by substituting the three prolines with leucines in B82WTOLEO. The same mutation has previously been shown to allow normal membrane integration of oleosin, but to inhibit oil body targeting (Abell et al., 1997) . Polypeptide B82PVOLEO (Fig. 5A, lane 4) yielded similar protected fragments and therefore assumed the same topology as B82WTOLEO, indicating that the proline knot motif does not play a significant role in topology determination. The slightly larger protected fragments observed with the PV mutation probably result from the absence of proline residues which are known to accelarate gel migration (Abell et al., 1997) .
The effect of the T1 mutation in B82WTOLEO was also assessed, yielding a reduction of 4 kDa upon protease treatment (Fig. 5, lane 5) . This is consistent with a similar topology to B82WTOLEO in which only the C domain is exposed outside the microsome.
One final set of H domain variants was constructed to assess H(C) outside its native context. In
T3OLEO the H(N) segment of T1OLEO is replaced by H(C). Polypeptide B82T3OLEO is a version
of T3OLEO with the addition of an N-terminal B82. The protected fragments of T3OLEO and B82T3OLEO (Fig. 5A, lanes 8 and 9) show a similar pattern to their native counterparts, WTOLEO and B82WTOLEO. However, the 11 kDa protected fragment generated from T3OLEO is significantly larger than that from WTOLEO (8.6 kDa, Abell et al., 1997) , indicating that repeated H(C) fragment causes closer membrane association of the N and/or C domains. Also, the doublet of protected fragments seen for T3OLEO and B82T3OLEO (pairs MWa/MWb and MWc/MWd) are probably due to a variable interaction of the C domain with phospholipids, due to the T1 mutation as discussed above. Polypeptide B82T4OLEO is a version of B82T3OLEO with the T1 mutation replaced by native sequence. It possesses the same topology as B82T3OLEO, but with a simplified band pattern (Fig. 5A , lane 10), demonstrating that the doublets do indeed arise as a result of the T1 mutation. Clearly, H(C) is able to operate as a targeting and topology determinant equivalent to H(N). However, the hydrophobic portion preceding the proline knot motif appears to have no effect on H(C) in its native position, or on the location of the C domain.
The H domain of oleosin is wholly membrane -integrated
We have defined the topology of oleosin and many variants by analysing microsomal fragments protected from external proteinase K. However, it has not been possible to assess directly which portions of the oleosin are exposed to the microsomal lumen. Therefore, we developed a technique to provide lumenal access of proteinase K into microsomes. Microsomes were ruptured by treating microsomes at pH11, either 0.1M Na 2 CO 3 (pH11.4) or 0.1M K -Bicine pH11.0. Ruptured microsomes allow internal contents to be extracted, and allow permeation of proteinase K. Figure 6A shows that β-lactamase is almost completely extracted, and served as the control for efficient membrane rupture. However, neither of the oleosin derivitives were extracted by the alkaline treatment.
Subsequent neutralisation with 0.1M PIPES pH6.5 ensures that proteinase K can function effectively, and is expected to reseal a proportion of the vesicles. The net result is that proteinase K can access any protein that is not membrane integrated, as demonstrated by B82WTOLEO:C -. At pH7.5 a portion of B82WTOLEO:C -is reduced to a fragment of 6kDa by protease treatment, representing the membrane-integrated H domain, and due to a small proportion of non-sealed microsomes. When treated at pH11, the full length band becomes completely degraded, leaving only the 6kDa protected fragment. This demonstrates a lumenal location for the B82 and N domains in B82WTOLEO:C -(depicted in Fig. 6B ).
With this validation of the proteinase K permeation technique, it was possible to complete the analysis of WTOLEO topology. Previously, we were unable to determine whether the H domain was exposed to the microsomal lumen. It is important to observe that proteinase K protected fragments of WTOLEO are not affected by lumenal proteinase K, clearly demonstrating that the oleosin H domain is not accessible to proteinase K on either surface of the membrane. Oleosin H domain is therefore likely to be wholly membrane-integrated.
DISCUSSION
We have demonstrated the involvement of SRα in oleosin ER targeting, implying that the SRP pathway is utilized by oleosin for tageting to canine pancreatic membranes. This involvement of SRα in mammalian membranes implies that oleosin topology can be legitimately investigated within the context of conventional translocon-mediated mechanisms (Johnson and van Waes, 1999) .
From this study, it is clear that oleosin is targeted to the ER by components of the H domain, with the N and C domains playing a minor or insignificant role. The previous prediction of tight association of the N and C domains with a phospholipid surface (Huang, 1992) is supported by the ability of NPCOLEO to bind to microsomes.We have shown that at least two independent portions of the H domain are able to act as conventional signal sequences. The ER targeting activities of H(N) and H(C) are further confirmed by their ability to substitute for each other in full-length oleosin. The H(N) domain is a 30 residue segment that could contain a signal sequence in a variety of locations. The failure to affect signal sequence activity by mutating the preceding positively charged residues or the first hydrophobic core suggest that there must be a signal sequence within the C-terminal portion of the hydrophobic core. It is possible that a larger number of independent signal sequences could be dissected, or ones that overlap the boundaries chosen in these experiments. However, there is clearly redundancy in such signal sequences.
Analysis of oleosin variants leads to the conclusion that the oleosin N domain is localised by default to the outer face of the microsome, but can be translocated to the microsomal lumen by addition of an N -terminal signal peptide. In contrast, the C -domain is invariably maintained outside the microsome. This unexpected topological inflexibility is a function of the extreme length and/or hydrophobicity of the H domain.
The flexibility of N domain orientation is unsurprising given the lack of identifiable targeting information, and it is likely that the N domain is synthesized independently of the microsome.
Subsequent emergence of ER targeting information in the H domain is expected to cause the ribosome to interact with a translocon, via the SRP pathway. The presence of the N-domain, possibly in a folded state, is likely to prevent translocation of the N-terminus (Denzer et al., 1995) . N domain translocation does occur if directed by a preceding B82 signal peptide which normally specifies translocation, indicating a lack of intrinsic topology preference.
The H domain is orientated such that the C domain always fails to translocate, even in the presence of mutations in the C domain which normally favour lumenal localization. This demonstrates that none of the H domain components have an intrinsic preference for such a topology. The charge mutation of the C domain places eight negatively charged residues and only one positively charged residue in the fifteen residue region flanking the H domain. This heavily favours translocation, according to charge distribution rules synthesized from a large collection of proteins (Geffen and Spiess, 1993) . These findings imply that the inflexibility of C domain localization is caused by the unusual length and/or hydrophobicity of the H domain.
Further support for topology restriction by the long hydrophobic span can be taken from the oleosin segments fused to GUS. Domain H(N) contains 18 hydrophobic residues within a total hydrophobic span of 30 residues; it favours a C lumen topology, whether flanked by a positively charged or neutral portion of N domain. This topology is also maintained when the first hydrophobic segment is polarized by serines, leaving 14 hydrophobic residues. The longer PKM-H(C) fusion yields a hydrophobic span containing 31 hydrophobic residues within a total span of 42 residues. When fused to GUS it directs a mostly C out orientation, preventing translocation of C -terminal GUS. A small proportion of the construct adopts a C lumen orientation, demonstrating that the topology is not as tightly constrained as the full length H domain. It is unlikely that this topology preference is directed by the specific sequence of H(C), based on its flexible behaviour in the H(N) position of oleosin variants.
Therefore, length and/or hydrophobicity appear to determine orientation. Furthermore, the behaviour of the PKM-H(C)-GUS fusion also confirms that the oleosin C domain is not required for adoption of C out topology.
These conclusions extend previous observations of native and polyleucine transmembrane spans (Wahlberg and Spiess, 1997) , in which longer sequences of leucines favoured an N lumen topology.
Orientation was found to depend on a combination of length, total hydrophobicity, and flanking charges.
However, these studies considered a single membrane span of maximum 25 hydrophobic residues.
Clearly, the oleosin H domain is sufficiently long and hydrophobic that the localization of its C-terminus is independent of additional factors. The closest equivalent to the H domain, in terms of its hydrophobicity and membrane topology, is the signal peptidase subunit SPC12. It displays two hydrophilic domains outside the microsome, anchored by a 'hydrophobic' sequence of 44 residues (Kalies and Hartmann, 1996) . However, there are consecutive glutamate and glutamine residues central within this sequence, which are likely to exist outside the microsomal membrane. Therefore, SPC12 is probably adopting a conventional topology with two trans-membrane spans.
Understanding the topology of oleosins on membranes is facilitated by considering the sequential insertion of protein into the translocon. When H(N) is moved into the translocon, the H domain is likely to have the appearance of a single membrane span. This may allow for topological flexibility at the H(N) position, responsive to flanking sequence. When the PKM and then H(C) are fed into the translocon, there may be significant size constraints, especially if there is no lateral movement of H domain into the membrane. Normally, the translocon responds to the nascent polypeptide chain both directly and indirectly through the ribosome, to coordinate a precise sequence of opening and closing of the cytosolic and lumenal gates (Hegde and Lingappa, 1997; Johnson, 1997) . This generally results in the alternation of membrane spans, where each span is flanked by both a cytosolic and a lumenal hydrophilic loop. The oleosin H domain sequence may be sufficiently long and hydrophobic to disrupt this regulated sequence.
It is sufficiently long to span the hydrophobic core of the membrane at least four times. Constraints imposed by the H domain-translocon interaction may limit the C domain to the cytosolic face of the translocon, regardless of the location of the N domain. A constraint of this kind has not been predicted previously. It offers valuable insight into the mechanisms by which the translocon operates.
In embryonic plant cells, oleosin topology may be critical for oil body biogenesis. The placement of oleosin hydrophilic domains on the cytosolic ER surface can be expected to favour the cytosolic budding of oil bodies. In contrast, mammalian apolipoprotein B (apoB) is translocated to the ER lumen for secretion of lipoproteins, primarily from liver cells (Yao and McLeod, 1994; Innerarity et al., 1996) .
Apolipoprotein B possesses many short hydrophobic spans that facilitate interaction with the lipid particle. However, no stretch of hydrophobicity exceeds 13 residues, and there are no segments characteristic of membrane spans. The evidence presented here suggests that long hydrophobic sequences are incapable of translocating across the ER membrane, and would therefore be inadmissible in the apoB sequence.
In conclusion, we have identified multiple ER targeting sequences in the oleosin H domain, and demonstrated that insertion into mammalian microsomes can be facilitated by SRP. The unique topology of oleosin is generated by the lack of targeting sequences in the N domain and by an unexpected constraint dependent upon the length and/or hydrophobicity of the H domain. This constraint prevents translocation of the C domain. Our results suggest that this inhibition of translocation may be a universal characteristic of large hydrophobic membrane domains. Some pellet fractions (lanes 3 and 4) were treated with proteinase K (PK). Proteins were separated by SDS-PAGE on 16% polyacrylamide gels. Molecular weight markers are shown in kDa.
(B) Deduced location of NPCOLEO and HOLEO in relation to the microsomal (MS) membrane.
Regions of charged residues are indicated. (A) β-lactamase, B82WTOLEO:C -, and WTOLEO were translated in the presence of microsomes and split into three samples. Pelleted microsomes from each sample were resuspended in buffer of pH7.5 (7.5), pH11 (K-Bicine; 11B), or pH11.4 (Na 2 CO 3 ; 11C). One half of each sample was treated with proteinase K (PK) for 5 min before all the samples were adjusted to pH7.5 with 1 M PIPES-Cl pH6.5. Pelleted membranes were analyzed by SDS-PAGE. Molecular weight markers are shown in kDa.
(B) Deduced topology of β-lactamase, B82WTOLEO:C -, and WTOLEO, according to proteinase K (PK) accessibility. Charged regions are indicated. 
B82T4OLEO (+)
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